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Testing of the Homestake Mine Tailings Deposit
Donald R. East

William A. Cincilla

Managing Partner, Knight Piesold and Co., Denver, Colorado

Project Engineer, Knight Plesold and Co., Denver, Colorado

John W. Ransone
Manager-Design & Construction, Homestake Mining Company,
Golden, Colorado

SYNOPSIS: This paper discusses the geotechnical investigation of a large gold tailings facility which
has been in operation since December 1977. The very thorough test program included 670 m (2200 ft.)
of piezocone probing, 65 self-boring pressuremeter tests down to a maximum of 35 m (118 ft.), 60
SPT's and 9 laboratory triaxial tests as well as a well pump test. The study included a detailed geological and seismic study to determine earthquake design parameters and to assess the liquefaction
potential of the deposit.
Test results were utilized to determine the stability of an upstream
constructed embankment employing the sub-aerial method of tailings deposition together with a comprehensive underdrainage system. The study indicates that liquefaction of the deposit is highly unlikely
to occur and that the embankment has an acceptable factor of safety under sub-aerial conditions.
INTRODUCTION

The alternative upstream construction design
incorporated
an
extensive
blanket
drain
extending 100 m (305 ft.) out from the existing
earth/rockfill
embankment combined with
a
modification of
the
single-point
tailings
discharge to the sub-aerial method of tailings
deposition (Knight and Haile 1983).
This
change would result in the formation of a
fully-drained
tailings
beach
capable
of
supporting and maintaining stability of the
upstream phase-constructed raises in 3 to 5 m
(10 to 15 ft.) lifts to elevation 5500 ft.

The Grizzly Gulch tailings dam, which is owned
and operated by Homestake Mining Company, is
located
approximately
3.2
km
(2
miles)
southeast of the Town of Lead, in central
Lawrence County, South Dakota. The area forms
a part of the northern Black Hills which has
been a center of precious metal mining activity
for over a century.
The locality of the site
is shown in Figure 1.

Testing mainly took place from preconstructed
roadways onto the tailings beach using a trackmounted drill rig.
The detailed geotechnical investigation, which
incorporated extensive piezocone, self-boring
pressuremeter, SPT and laboratory testing of
undisturbed
samples,
had
the
following
objectives:
To obtain a detailed three-dimensional
picture of the variation of coarse and
fine tailings within the deposit.
To utilize sophisticated in situ testing
techniques which could assure testing of
cohesionless
saturated
deposits
for
strength and permeability.
To obtain relatively undisturbed samples
of tailings, identified by the piezocone
profiling, for laboratory testing.
To assess the liquefaction potential of
the existing tailings deposit.
Figure 1 - Locality Map

DAM GEOLOGY AND REGIONAL SEISMICITY

As part of a study into· an alternative
construction method
for
raising
Homestake
Mining Company's 90 m (285 ft.) high Grizzly
Gulch tailings embankment above
its 1986
elevation of 5400 ft., a detailed geotechnical
study was undertaken during the fall of 1986
into the properties of the existing tailings
beach deposit.
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The three rock units in the vicinity of the dam
site
in ascending order are: Precambrian
metamorphic units of the Grizzly and Flagrock
Formations, Cambrian sedimentary beds of the
Deadwood Formation, and Tertiary igneous dikes
and sills.
A geologic cross-section for the
area is presented in Figure 2.
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The valley floor and valley slopes, up to about
elevation 5600, are generally underlain by the
metamorphic beds of the Grizzly and Flagrock
Formations which consist of micaceous schists,
phyllites and
slates,
locally
intruded by
amphibolite dikes which are strongly foliated
striking north and dipping about 40 to 80
degrees to the east.
Some local shear zones
were exposed during investigations in 1981 for
the
first
raise
of
the
embankment
from
elevation 5350 to elevation 5400, but it is
considered that the most recent activity is
pre-Tertiary.

Figure 3 - Horizontal Acceleration vs.
Return Period

SITE INVESTIGATION
a) Piezometric Cone Testing
The investigation involved an initial appraisal
of the tailings deposit by use of a Fugro
piezometric
cone
which
provided
detailed
continuous
site
profiles,
thus
allowing
critical
zones
to
be
identified.
Tip
resistance,
sleeve
friction
and
porewater
pressure data were recorded every 2 em and
stored on a microcomputer disk. Visual display
of all data was shown graphically on the
computer
screen
during
the
test.
Classification charts produced by Robertsqn and
Campanella (1983) based on cone bearing and
friction ratio, and by Jones and van Zyl (1981)
based on cone bearing ratio and excess pore
pressure were used to identify the coarser
silty sands from the finer silts.
In all
cases, the excess pore pressures generated in
the
silts
clearly
identified
these
finer
layers.
A section line extending 185 m (600
ft.) onto the tailings is shown in Figure 4.
It will be noticed that the material behaves as
a typical hydraulically placed material with
the coarser tailings (silty sands) generating
high
cone
bearings
and
no
excess
pore
pressures, while the finer tailings (silts)
generally have low cone bearings and excess
pore pressures.
It will be seen from Figure 4
that the tailings mainly consist of coarser
deposits with some minor layering of silts, and
that the profile clearly shows the depositional
history.

A careful review of all available earthquake
data
indicates
that
very
few,
if
any,
earthquakes of felt intensity VI, or body wa':e
magnitudes greater than 4.5, have occurred ~n
the general vicinity of Grizzly Gulch tailings
dam.
On this basis, the dam site can be
classified as an area of very low seismicity.
Because of the absence of faulting in the
region and relatively low rates of activities,
most investigators have divided regions of the
west-central United States into source zones
based on rates and magnitudes of historic
earthquakes and broad geologic characteristics.
Based on the historical seismicity of the
region and on data developed for the central
Mississippi Valley, Nuttli and Hermann (1978)
developed
a
cumulative
magnitude-recurrence
curve
for
the
South
Dakota
region
and
determined
that
the
"maximum
magnitude"
earthquake with a return period of 1000 years
corresponded to a body wave magnitude mb = 6.0.
similar studies by Algermissen and Others
(1982) arrived at a maximum local magnitude ML
= 6 .. 1, which, for midplate earthquakes, may be
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For example, the tailings deposited at 22 m
(72 ft.) at 26 m (87 ft.) represent a rapid
deposition period under water.
Above 22 m
(72 ft.)
the
depositional
environment
is
relatively uniform, with the rapid variations
in tip load reflecting the meandering of the
outflow streams down the beach.
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An interesting aspect of the pore pressure
trace is that, although it appears to be
following
a
normal
increase
with
depth
according to the hydrostatic pressure,
the
values are in fact 22% below hydrostatic. This
is not due to high dynamic negative pressures
induced during penetration of the coarser sands
as evidenced by the pore pressure dissipation
test, but by the fact that a downward hydraulic
gradient
exists.
This
is
confirmed
by
standpipe piezometers installed at different
depths within the tailings.
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drained
shear
strength
parameters of
cohesionless, normally consolidated, moderately
incompressible
quartz
sands
have
been
determined in calibration chamber studies.
The
proposed
correlation
of
Robertson
and
Campanella (1983), Figure 5, has been used to
determine the effective friction angle for the
free draining deposit. A comparison of some of
these results with laboratory and pressuremeter
tests is provided in Table 1.
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The
piezometric
cone
provided
valuable
information for selecting testing depths for
the self-boring pressuremeter and undisturbed
Shelby tube sampling points.
A total of 670 m
(2200 ft.) of probing was undertaken for this
project.

Holden, 1976; Velsmanls, 1974
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•
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After ROBERTSON and CA.IIIPANELLA, 181:1

Figure 5 - Piezocone Correlation Chart
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b)

Self-Boring Pressuremeter

The self-boring pressuremeter as developed by
Hughes et al (1977) proved to be an ideal
instrument for determining the· friction angle at
selected
depths
and
to
gain
to
some
understanding of the likely dilation that would
result on shearing.
The instrument has a
jetting tool recessed inside the cutting edge
and tailings are removed with assistance of
drilling fluids up the drill string without any
disturbance of the surrounding material.
The
pressuremeter membrane is approximately 450 mm
(18 in.) long with a diameter of 76 mm (3 in.).
When in position at the required depth, the
membrane is inflated slowly in increments until
a radial displacement of 4 to 5% is reached and
a reload cycle performed.
The test is
terminated at 15% radial strain.

. ~" 40°1------+/-

-s.

Since
testing
with
the
self-boring
pressuremeter involves well-defined boundary
conditions, it is possible to determine the
friction angle of dense cohesionless materials
using the methods of Hughes er al (1977) and
Robertson and Hughes (1986).
In this method,
the standard plot of applied pressure against
radial displacement is drawn to a log-log scale.
If the slope of the straight line portion of
the log-log plot is designated s, then the
angle of friction, ~ ·, is given by:
. A..'

Sm~

where

S(k+f)
---,..S(k-11+2

1 ~.1

1.0

10

€{3.0J.

k•tan 2 ( 45+ c/>cvj2 J
2B 0 ~~~-L~-~~-L~~~~~~~._~~

0.2

and cl>cv' -friction angle at constant volume

0.3

0.4

This method has been shown to be accurate for
dense sands. For medium dense to loose sands,
a correction which takes into account the
dilation of the material is applied as shown in
Figure 6. A summary of some of the comparative
test results is shown in Table 1.

Aft•r ROBINSON and HUGHES, 1986

Figure 6 - Self-Boring Pressuremeter
Calibration Graph

Table 1 - Selection of Some Comparative Results
Effective Friction Angle
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Pressuremeter

30

Description of
Tailings

Sandy Silt
Silty Sand

30

Silty Sand
Silty Sand

c)

Standard Penetration Tests

application of cyclic shear stresses induced by
earthquake ground motions.
In the ultimate
state,
the
porewater pressure within
the
material
becomes
equal
to
the
effective
confining stress.

In addition to the in situ testing, a number of
boreholes were drilled into the tailings and
standard penetration tests conducted at 1. 5 m
(5 ft.) intervals.
The measured SPT values
generally averaged a minimum value of 5 at a
depth of 3 m, increasing to an average of 30 at
depths of 25 m.
Thin wall 71 mm (2.8 in.)
Shelby
tube
samples were
recovered
using
special sampling
techniques for
laboratory
tests.
d)

CYCLIC

STRESS

RATIO

Laboratory Tests

Apart from gradation tests on all split spoon
and Shelby tube samples, specific gravity,
moisture content and isotropically consolidated
undrained triaxial shear tests were carried
out.
Considerable care was necessary to
extrude the samples and to prepare for testing.
Saturation normally took on the order of 1 to 3
days to obtain a B value greater than 0.95.
The first stage of consolidation was reached by
incrasing the confining pressure in 35 kPa (5
psi) increments.
Consolidation was completed
within a period of 2 to 24 hours.
The first
two stages were each taken to 5% axial strain
or until a peak value of the effective
principal stress ratio was obtained. The third
stage was taken up to 15% strain or failure.

~

The results of some of the triaxial tests are
given in Table 1.
The relatively high shear
strengths are based on the dilatant behavior of
the material and highly angular particle shape
which was confirmed by microscopic examination
of the tailings particles.
e)

Permeability Tests

An estimate of the permeability of the tailings
can be obtained from pore pressure dissipation
tests which are performed during the piezometric cone probing.
This can only be done in
materials which produce excess pore pressures
during cone penetration.
From these results,
the average permeability varied in the range
1 x lo-S em/sec to 3 x lo-6 cm/s~c.
A screened well was installed to a depth of
40 m (131 ft.) and peizometers installed along
two axes at different radial distances.
Up to
four piezometers were installed in the same
hole at different depths. Due to the fact that
the drawdown cone around the well was affected
by the highly variable deposit and that steady
state conditions through the full depth of the
deposit could not be reached within the 3-week
pumping period, the results will tend to be
biased towards the more free-draining tailings
material where the piezometer response was the
greatest.
Depending on whether the analysis
assumed a water table aquifer condition or a
confined aquifer condition, the permeability
obtained from this ~e~~ 1 is in the range 3 x 10-~
c~sec to 4.6 x lo-4 ~vsec.

Figure 7 - CPT Cyclic Stress Ratios
The liquefaction potential was evaluated using
both SPT and CPT data and the approach used in
each case consisted of the following steps:
·

LIQUEFACTION POTENTIAL
The basic cause of liquefaction or cyclic
mobility in a saturated cohesionless material
during an earthquake is the result of a buildup of excess hydrostatic pressure due to the
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Measured SPT blow count (or CPT tip
resistance) data were corrected to account
for effective overburden pressure.

ii)

STATIC AND PSEUDOSTATIC STABILITY

Corrected SPT (or CPT) data, along with
empirical relationships (Seed et al, 1983,
for SPT and Robertson and Campanella,
1983, 1984; Seed and De Alba, 1986, for
CPT) used to estimate the cyclic stress
ratios required to cause liquefaction with
limited shear strain potential for the
postulated
maximum
earthquake
(Magnitude= 6).

A detailed water balance study was undertaken
to determine the maximum elevation of the pond
under the maximum design precipitation event,
which for this study was the Possible Maximum
Flood (PMF)
plus 100-yr.
storm effectively
occurring back to back.
The proposed subaerial deposition technique produces a highly
anisotropic permeability condition as well as
ensuring that the coarser sands are deposited
close to the discharge on the embankment.
The
upstream
design
calls
for
an
extensive
horizontal drainage blanket to drain the subaerially
deposited
tailings
beneath
the
embankment.
A finite element seepage analysis
for anisotropic tailings was carried out to
determine the highest level of the phreatic
surface under the maximum design precipitation.
Figure 8 indicates a section through the
tailings facility and the phreatic surfaces
which were used for stability analysis.

iii) Cyclic
stress
ratios
induced
by
the
postulated
maximum
earthquake
ground
motions at various depths within the
tailings deposits were calculated for peak
ground surface acclerations between 0 .lOg
and O.lSg.
The result of this analysis for the CPT data is
shown in Figure 7, with the mean and mean plus
and minus one standard deviation.
It can be
seen that the range of induced cyclic stresses
falls to the left of the mean minus one
standard
deviation
and
on
this
basis
liquefaction
or
limited
straining
of
the
tailings
material
during
the
postulated
earthquake is highly unlikely.

Both
circular
and
non-circular
stability
analyses were undertaken.
For pseudostatic
conditions, a horizontal earthquake coefficient
of O.lg was used.
In all the many cases
investigated
involving
the
upstream
construction, the lowest factors of safety were
for a deep failure extending through the
existing embankment with a F.o.s. of 1.5 as
shown in Figure 9.

In support of this conclusion, the results of
laboratory triaxial shear tests on undisturbed
samples have indicated a strongly dilatant
behavior with little or no decrease in strength
with
increasing
strain
level.
Various
investigators (Casagrande, 1975; Castro, 1975;
Poulos et al, 1985) have shown that materials
which exhibit these
characteristics cannot
liquefy and/or undergo large deformations at
low values of residual strength.

1720 ft
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of Perm., Kv
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Figure 8 - Finite Element Determination of Phreatic Surface
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®

PHREATIC SURFACE CONDITION #2;
PMF+100-YR Storm (/W/Kv =100)

CRITICAL
FAILURE SURFACE*

FACTOR OF
SAFETY

0

1.56

@

1.56
1.57
1 = Most Critical

Existing Embankment

Figure 9 - Pseudo-static Stability Analysis for O.lg Acceleration
As will be seen from Table 1, the laboratory
shear strengths of the tailings under drained
conditions are between 370 and 42°, with the
pressuremeter giving effective friction angles
between 300 and 400.
The piezocone values are
also presented and, for the correlation used in
the analysis (Figure 5) show results which are
relatively
close
to
the
laboratory
and
pressuremeter values for the silty sands and
sandy silts, but very low for the silts.
This
is most probably as a result of the fact that
excess pore pressures were generated in the
silts and this would reduce the effective
stress
of
the
tailings
under
virtually
undrained conditions.
For the free-draining
tailings, an effective friction angle of 350
was considered reasonable for the stability
analyses.

The overall embankment configuration with
sub-aerial upstream construction is stable
under
both
static
and
pseudo-static
loading
and
worst-case
high
phreatic
surface.
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